INTRODUCTION
Internal mobility is recognized as a crucial factor of protein function. Relevant motions occur over a wide range of time scales from 10 212 s to a few seconds 1,2 and can be of various kinds, such as local fluctuations (e.g., ring flips, cis/trans isomerization, etc.), or large-amplitude motions, which may allow for fine tuning of the three-dimensional (3D) structure during interactions and catalytic processes. Nuclear magnetic resonance (NMR) spectroscopy has contributed to shed light on molecular aspects of enzymatic activity (for recent reviews, see Refs. 3 and 4) .
In this work, we have used NMR spectroscopy combined with molecular dynamics (MD) to investigate the effects of ligand binding on the internal dynamics of the enzyme 6-phosphogluconolactonase (Tb6PGL) of the parasite Trypanosoma brucei, responsible for the African sleeping sickness. The enzyme 6PGL is one of the six enzymes of the pentose phosphate pathway (PPP) of T. brucei, and hydrolyzes d-6-phosphogluconolactone to 6-phosphogluconic acid (6PGA). Tb6PGL plays a key role during infection, by providing the important reductive agent NADPH, and forms ribose 5-phosphate, a major nucleic acid precursor, as well as several metabolic intermediates, such as fructose 6-phosphate and glyceraldehyde 3-phosphate. 5, 6 Enzymes that play a role in glycolysis or in the PPP are potential drug targets against T. brucei, because several of these enzymes are found in the glycosome, an organelle which, in contrast to the situation in most Additional Supporting Information may be found in the online version of this article. Abbreviations: MD, molecular dynamics; NMR, nuclear magnetic resonance; NOE, nuclear Overhauser enhancement; R ex , exchange contribution to transverse relaxation rate R 2 ; S 2 , generalized order parameter (reflects motions on the ps-ns time scale); T 1 , longitudinal (''spin-lattice'') relaxation time constant (T 1 5 1/R 1 ); T 2 , transverse relaxation time constant (T 2 5 1/R 2 ); s i , correlation time for internal motions on the ps-ns time scale; 6PGA, 6-phosphogluconic acid (5ligand); 6PGL, 6-phosphogluconolactonase (5enzyme); Tb6PGL, 6PGL from T. brucei; apo-Tb6PGL, Tb6PGA without ligand; holo-Tb6PGL, complex of Tb6PGL with 6PGA as ligand.
ABSTRACT
Nuclear magnetic resonance is used to investigate the backbone dynamics in 6-phosphogluconolactonase from Trypanosoma brucei (Tb6PGL) with (holo-) and without (apo-) 6-phosphogluconic acid as ligand. Relaxation data were analyzed using the model-free approach and reduced spectral density mapping. Comparison of predictions, based on 77 ns molecular dynamics simulations, with the observed relaxation rates gives insight into dynamical properties of the protein and their alteration on ligand binding. Data indicate dynamics changes in the vicinity of the binding site. More interesting is the presence of perturbations located in remote regions of this well-structured globular protein in which no large-amplitude motions are involved. This suggests that delocalized changes in dynamics that occur upon binding could be a general feature of protein-target interactions.
eukaryotic cells, is separated from the cytosol. This may entail significant differences with respect to the mammalian host, thus enabling the design of specific drugs, 7,8 as successfully demonstrated in the case of NADH-fumarate reductase and other systems. 9,10 For these reasons, any progress toward a deeper understanding of the catalytic mechanism and of the dynamic changes in the protein that occur upon substrate binding and catalysis is clearly desirable.
In this article, we investigate dynamic changes occurring in the protein on ligand binding using 15 N NMR relaxation measurements of the free protein and its complex with the reaction product 6PGA. We show that ligand binding leads to changes of internal dynamics of the protein in various regions. Interestingly, many of the affected residues are remote from the active site, and although they are not directly involved in catalysis, they are clearly affected by a redistribution of the dynamics across the protein, which occurs on ligand binding. Our results are analyzed in the light of previous X-ray and docking studies. 11 A number of observations 12-15 support the idea that proteins comprise dynamical networks that can regulate thermodynamics of protein-ligand interactions. In this respect, this work provides additional evidence for the role of dynamics. Moreover, the relationships between local dynamics and catalytic mechanisms remain in general largely unknown. These aspects, despite an increasing number of studies, constitute a stimulating and open question in this field. 16 
MATERIALS AND METHODS

Sample preparation
Expression and purification of uniformly 2 H, 13 C, and 15 N-labeled recombinant Tb6PGA was performed as described elsewhere. 6 The sample was dialyzed for 48 h using 1 mL Float-A-Lyzer dialysis membranes (SpectrumLabs) with a MWCO of 10 kDa, against 20 mM phosphate buffer at pH 6.1 containing 120 mM NaCl, with a final concentration of about 0.55 mM determined by UV/Vis spectroscopy at 280 nm with an extinction coefficient e 5 21,095 M 21 cm
21
. All 3D spectra were processed with the NMRPipe/ NMRDraw package. 24 The signals were apodized by cosine-bell and squared cosine-bell functions in the indirect and direct dimensions. Digital resolution in the indirect dimension was doubled through linear prediction. All 2D spectra were processed with Topspin (Bruker). The 2D peak heights and volumes were determined using Sparky. 25 The R 1 and R 2 rates were determined by fitting the peak heights to exponential functions I(t) 5 I o exp(2R 1,2 t), using a nonlinear least squares analysis where Gaussian random errors were added to the experimental signal amplitudes and averaged over 100 fits. Steady-state NOE values were determined from the ratios of the peak intensities with and without saturation of the protons. Errors in NOE values were determined by error propagation based on the root-mean-square of the noise in the spectra.
Overall rotational correlation times were estimated using HYDRONMR 26 and TENSOR2, 27 based on the ratios R 1 /R 2 , using only the most rigid residues. Modelfree (MF) analysis was performed with the TENSOR2 software. 27 Five models of increasing complexity were used to determine the generalized order parameter S 2 , the effective correlation time s i for motions of the backbone NÀ ÀH vectors, the chemical exchange contribution R ex , and an additional order parameter S f 2 that reflects contributions to the spectral density due to fast motions with s i < 20 ps. 
The following residues could not be fitted in a satisfying manner: N89, D98, F105, T219, G229, L255, in the apo-protein, and E15, I40, Y52, A53, N61, L62, G74, D75, V79, R125, V126, A129, K132, Q133, V152, G164, V184, R200, S204, A206, A211, I215, W225, G229, S252, and L255, A260 in the holo-complex.
The relations between the 15 N relaxation rates and the spectral densities J(x) are given by the following equations: 29 15 N nuclei. In its simplest implementation, the reduced spectral density mapping (SDM) 30 approach assumes that high-frequency motions are characterized by a nearly ''white'' spectral density function with J(x H 2 x N ) % J(x H ) % J(x H 1 x N ), and that one may consider a single value of the spectral density function at x h 5 0.87x H , where J(x) denotes the exact spectral density function. With this assumption, the number of unknown values of the approximate spectral density function J red (x) in Eqs. (2)- (4) is reduced to three. These can be inverted to yield J red (x h ), J red (x N ) and J red (0). Calculations were performed through routines written in Mathematica (Wolfram Research, Champaign, IL), using nonlinear global optimization algorithms.
MD simulations
MD simulations up to t MD 5 77 ns were performed using the NAMD program 31 with the all-atom force field AMBER99SB 32 and periodic boundary conditions for both apo-Tb6PGL and its holo-form in complex with 6PGA, taking as initial configurations their structures from the Protein Data Bank (PDB) (entries 2J0E and 3E7F). For apo-Tb6PGL, a total of 9090 SPC/E water molecules and seven Na 1 ions were included, resulting in an electrically neutral system of 31,264 atoms. In the case of holo-Tb6PGL, 10,217 SPC/E water molecules were included so that the system comprised 34,632 atoms. In the active site of holo-Tb6PGL (see Fig. S2 in Supporting Information), the side chains of residues R200, R77, and H165 were protonated. The Zn 21 ion was removed from the 3E7F structure because it has no effect on the active site dynamics and on the function of the protein. 11 The force field parameters for the ligand 6PGA were those of the Generic Amber Force Field. 33 Electrostatic interactions were computed by using the particle mesh Ewald method 34 with a cut-off of 12 Å . The lengths of all bonds involving hydrogen atoms in the protein were fixed and treated by the SHAKE algorithm, 35 thus permitting us to increase the integration time step to 2 fs. After preliminary minimization starting with the PDB structure, all simulations were first equilibrated at constant temperature (290 K) and constant pressure (1 bar) using a Langevin thermostat 36 coupled with a Nosé-Hoover barostat. 37 The equilibrated complexes were used as starting points of 77 ns runs. The RMSD values with respect to the initial structure remained below 1.5 Å , as expected for a stable protein ( Fig. S1 in Supporting Information).
The generalized order parameter S 2 was calculated from MD trajectories using the expression:
where Y 2m are spherical harmonics, and where the ensemble averages can be replaced in practice by time averages over the total length of the simulations. Assuming statistical decoupling of internal motions and isotropic overall tumbling, one can decompose C(t) in terms of the overall C O (t) 5 exp(2t/s c ) and internal C I (t) correlation functions.
where P 2 is the second-rank Legendre polynomial and the unit vector u describes the orientation of the NÀ ÀH bond vector in the molecular reference frame. In practice, because of the finite length of MD trajectories, the internal correlation function was partitioned as 32,38 :
where t max represents the maximum interval over which the correlation function can be calculated with sufficiently good statistics. It is customarily fixed to 10% of the overall length of the trajectory, 39 so that t max % 7.7 ns in our simulations. Moreover, C I1 % S 2 MD if the following condition is met:
where C I (t max ) is the average value over the last 20 ps of the correlation function. If Eq. (8) is not verified, the value of C I (t max ) is used. However, in this case, internal motions with time scales longer than t max may likely affect the value of the spectral density functions.
RESULTS AND DISCUSSION
Relaxation data
The protein Tb6PGL comprises a total of 266 residues. Longitudinal and transverse 15 N backbone relaxation rates (R 1 and R 2 ) and steady-state 15 N-{ 1 H} NOE's of apo-and holo-Tb6PGL were measured at 21.1 T (Fig. 1) . Due to the presence of 16 proline residues that lack H N protons, and a number of spectral overlaps, only 239 residues could be analyzed. For a few residues (L16, S46, T51, D87, and L157), data analysis was only tentative, due to a low signal/noise ratio (S/N < 10). Chemical shift assignments of backbone residues were in agreement with previous reports. 5,40
The R 2 rates lie in the intervals 7.8 AE 0.31 < R 2 < 54. However, because $70% of the residues exceeded this threshold by less than one standard deviation r and 94% were within 2r, these results were overall statistically satisfactory. The R 1 and R 2 relaxation rates as well as the NOE's show significant variations in flexible regions, including the C-terminus and loops. This can be seen in Figure 1 , where significantly higher R 1 , lower R 2 , and lower NOE values in the C-terminus and loops indicate the presence of increased mobility in these parts of the protein backbone.
MF analysis
The correlation times of overall tumbling were estimated to be s c apo 5 19. 20.1) was observed for residues L16, A41, E76, R77, E145, V155, S168, L217, and A235, whereas the opposite trend (DS 2 ! 0.1) was observed mainly in residues in loop L5 (D192 and V198). Interestingly, this region is located in the vicinity of the phosphate group of 6PGA, although it does not directly interact with it. Note that loop L5 exhibits limited structural fluctuations on ligand binding. 11 Residues R77 and R200, located near the active site, interact directly with the phosphate group of 6PGA. R77 shows an important decrease in rigidity DS 2 $ 20.19, whereas for R200 no statistically significant MF parameters could be extracted from the data. For residue H165, which is actively involved in catalysis, the values of the order parameters in both forms of the protein were not significantly different and DS 2 $ 0. Exchange contributions R ex to transverse relaxation were extracted for a substantial number of residues in both apo-and holo-Tb6PGL ($24% and $21%). Large exchange rates R ex > 10 s 21 [ Figs. 2(c) and 3(b)] were observed in holo-Tb6PGL (I28, A41, T51, R77, V155, L158, and D133), and, to a lesser extent, in apo-Tb6PGL (I24, N87, and Q210).
In the holo-form, exchange rates R ex holo may arise either from chemical shift perturbations caused by displacements of the ligand (which may be slipping in and out of the active site, leading to a bona fide case of chemical exchange) or from conformational exchange induced by the ligand. The occurrence of exchange on ligand binding for residues located in regions that are remote from the active site and do not interact with 6PGA indicate alterations of conformational exchange. This is the case for residues I28, A41, T51, V155, and L158, for which no R ex was observed in the free protein. For residues A41, D154, V155, L158, R212, N213, V214, and N250, the rates R ex holo are increased in the complex and seem to be clustered in an interfacial region of the b-sheet core [ Fig. 3(b) ]. Thus the presence of 6PGA seems to affect slow motions throughout the protein backbone.
In contrast, for residues located near the ligand, exchange contributions R ex cannot always be unambigu- , which is compatible with the time scale of the dynamical processes observed here.
Although it may be difficult to attribute the large R ex holo of S168 to conformational exchange in the holoform (the distance between its amide N atom and the phosphate group of 6PGA is only 6.77 Å ), the exchange rate R ex holo 5 6.5 AE 1.6 s 21 of S168 in apo-Tb6PGL is consistent with observations that slow motions may be an intrinsic property of proteins involved in ligand binding and enzymatic activity. 4,43 Residue D163, which acts as a proton donor during catalysis, has an exchange rate R ex holo 5 9.5 AE 2.7 s
21
. Although it belongs to the active site, it is rather distant from the ligand (its amide N and the phosphate group of 6PGA are 8.7 Å apart), so that the R ex holo can still be plausibly interpreted in terms of conformational exchange.
Reduced SDM
The dynamic analysis was complemented with the use of the reduced SDM approach 3,30,44 (Fig. 4) . Large values of J red (0) are usually associated with motions on a slow ls-ms time scale, that is, chemical or conformational exchange, whereas fast ps-ns dynamics often lead to an increase of J red (x h ) and a concomitant reduction of J red (0) and J red (x N ). 44 In both apo-and holo-proteins, we observed significantly higher values of J red (x h ) in loops L2, L3, L5, and L6, generally associated with values of J red (0) below the average. Changes of the reduced spectral density function DJ red (x) 5 J red holo (x) 2 J red apo (x) were observed on ligand binding. A significant increase of J red (x h ) was observed for about 20% of the residues, dispersed over the backbone, again suggesting a rather diffuse effect of 6PGA binding on protein dynamics. Most of these residues belong to b-sheet structures (b1, b2, and b3), loops and regions loosely structured at the junction between secondary structure elements, in the C-terminal region of the protein or in the short 3 10 helices. This is summarized in Table I . Alternatively, analysis of J red (x h ) revealed that a few residues in holoTb6PGL exhibit a decreased mobility at high frequencies. Interestingly, this takes place in regions that are scattered across the protein backbone (I7, S8, E26, Q35, W36, L62, V79, D85, M90, F107, A116, T166, T193, W199, R200, A221, E248, and E261), and are by no means localized in the vicinity of the active site. Similar features have been observed for conformational exchange. 14 In addition, some variations in mobility seemed to occur in certain secondary structure elements. Thus, an increase of J red (x h ) was noted for several residues in helix a3 (Y88, N89, and R92), whereas a significant number of residues with decreased J red (x h ) are located in helix a4 (M124, R125, V126, A129, K132, and Q133), suggesting that these helices undergo a global change in fast dynam- Figure 2 Model-free parameters in apo-and holo-Tb6PGL. The overall correlation time was s c 5 19.8 AE 0.3 ns. (a) Order parameters S 2 , (b) internal correlation times s i , and (c) exchange contributions R ex . Green brackets indicate the catalytic residue (H165) and residues R77 and R200 that bind directly to 6PGA The remaining marked regions contain residues G45, S46, T47, F170, M194, and K195 that exhibit direct contacts or hydrogen bonds with the ligand. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
Internal Dynamics of 6-Phosphogluconolactonase ics on ligand binding. Remarkably, the relaxation rates of the latter residues could not be satisfactorily fitted by a MF approach, probably because the spectral density functions are too complex. Nevertheless, this analysis seems to indicate an increase of J red (x) values at frequencies likely lower than x H , yet detected by relaxation, therefore in the fast time scale. Interestingly, the side chains of the residues in helix a4 that are affected by ligand binding point toward the solvent. The dynamics of the other residues in this helix are not altered. This may be interpreted as evidence of less restricted dynamics in the protein-solvent interface that becomes allowed on ligand binding.
Comparison with MD simulations
A combination of NMR relaxation measurements and MD simulations helps to clarify global and local dynamic changes in 6PGL on ligand binding. Relaxation rates computed from our 77 ns MD simulations were found to be comparable to those obtained by NMR for most residues in both apo-and holo-forms when Eq. (8) was fulfilled (Fig. 5 ). In addition, order parameters were extracted from the trajectories and their variations between apoand holo-proteins examined. The presence of the ligand seems to have a significant effect on certain residues, mainly those located in loops. Thus, for residues A30 (in the transition region between helix a1 and the first 3 10 helix) and A111-T113 (loop L2) one observes DS 2 20.1, whereas residues G144 and E145 (loop L3), and K195 (loop L5) experience increased rigidity (DS 2 ! 0.1). Discrepancies with NMR may be due to rare dynamical events that affect the averaging process. 45 In addition, the root-mean-square-fluctuations (RMSFs) in the active site of apo-and holo-Tb6PGL are below 0.1 Å , suggesting both an overall rigidity of this region of the protein and a very limited effect of ligand binding.
The interatomic distances between the ligand and residues {G44, G45, K223} and {R77, R200} in the active site reflect interactions with the carboxylate and phosphate groups of the ligand, respectively. In the former set, the carboxylate carbon of 6PGA is closer to the N d atom of the K223 side chain than to the C a atoms of either G44 Figure 3 Results from the model-free analysis are mapped onto the 3D structure of 6PGL (a-helices and b-sheets colored in green and yellow). Apo-and holo-Tb6PGL are, respectively, depicted on the left and right sides of the figure. The ribbon thickness is proportional to (1 2 S 2 ) in (a) and to R ex in (b). Prolines and other unobservable residues are depicted in black. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary. com.] or G45 during 80% of the MD trajectory, with average distances of about 5 Å and 9 Å , respectively. These large distances make the presence of hydrogen bonds between the ligand and these residues very unlikely. Our results suggest that the carboxylate group of the ligand remains close to K223, as initially proposed by Delarue et al., 5 but in contrast with more recent work by the same authors, 11 who concluded from the study of the X-ray structure of the 6PGA-Tb6PGL complex that the carboxylate is more likely to interact with the backbone atoms of G44 and G45 than with the side chain of K223. However, because our MD simulations started from the X-ray structure, where the carboxylate group of 6PGA is closer to residues G44 and G45, both conformations remain plausible and the ligand may adopt either of two positions alternatively.
As for dynamics, no significant changes in mobility could be deduced from NMR experiments for G44, G45, and K223 in the holo-protein, due to large errors in the MF parameters. However, MD simulations showed an increase of rigidity (DS 2 ca. 0.1). Moreover, in some cases, angular autocorrelation functions of NH vectors computed from MD simulations clearly exhibited different behavior in apo-and holo-6PGL. For instance, the Figure 4 Reduced spectral density functions for apo-(red) and holo-Tb6PGL (blue), calculated from the relaxation rates shown in Figure 1 . The spectral density function was sampled at x 5 0, x N 5 91.14, and x h 5 0.87 x H 5 782.52 MHz (for a proton resonance frequency 899.45 MHz. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
Table I
Residues Featuring Significative Changes of Dynamic Parameters in Going From apo-to holo-Tb6PGL Obtained From NMR Relaxation Experiments T6, V9, H10, A11, L38,  V104, F105, G154, R212,  V216, T219, T251, L254   S8  A41, V155, L217   b2  V150  b3  V187, V201  L1  E76, D82, S83  E76, R77  L2  T109, A111, T113, A118  L3  L138, K141-G144, A146  E145  L4  L160, S162, S173  S168  L5  M194  D192, V198  L6  A235, H236, A238  A235  a1  Q14, S31, G32  L16  a3  M90  C-terminus G249, K257-I259, K265, F266  3 10 helices H97, D98, K223, A241, R242 Other F72, L95, D102, D180, L182
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Figure 5
Experimental (points with error bars) and predicted (heavy line) NMR relaxation rates for (a) apo-and (b) holo-Tb6PGL. Residues for which the internal correlation functions did not reach a plateau after MD simulations running up to 77 ns are indicated in the central graph (red for apoand blue for holo-Tb6PGL). Most of the discrepancies between experimental and molecular dynamics NMR relaxation rates correspond to these residues. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] correlation functions of residues G44, G45, and K223 did not reach a plateau during the MD runs for the apo-protein, whereas they clearly approached their asymptotic S 2 value for the holo-protein (see Fig. 6 ). This indicates a change toward spatially more restricted and faster motions induced by ligand binding. Similar results for K223 were also confirmed by SDM, where the absence of any variation of J red (0), associated with DJ red (x h ) > 0 and DJ red (x N ) > 0, must be ascribed to a significant exchange rate R ex (confirmed by MF) that leads to an artificial overestimation of J red (0) in the apo-protein.
For the second group of residues {R77, R200}, distances between hydrogen atoms of the guanidinium groups and the closest oxygen atom in the phosphate group of 6PGA remain in the range of hydrogen bond lengths (shorter that 3.0 Å over nearly 90% of the MD trajectory). This can be related to previous studies 11 suggesting that the phosphate group of the natural substrate d-6-phosphogluconolactone is stabilized by R200 and R77.
Note that the distances between R77 or R200 on the one hand, and the phosphate group of 6PGA on the other hand, are shorter than those between the same residues and the phosphate group of d-6-phosphogluconolactone, which are larger than 3.0 Å on average. 11 This observation may indicate the presence of rearrangements of the reaction product in the catalytic site.
NMR data show that residue R77 exhibits an increased mobility on both fast and slow time scales (DS 2 < 0 and DR ex > 0, without any significant variation of J(x). The apparent discrepancy with MD, where only a slight decrease of mobility could be reproduced, as seen through DS 2 and J(x) (Fig. 6) , is likely to be ascribed to internal motions on multiple time scales. A detailed investigation of these effects would require longer MD simulations. The MF parameters could not be obtained for R200 but the decrease of the high-frequency component J red (x h ) in the presence of 6PGA indicates a redistribution of the motional energy toward lower frequen- Figure 6 Internal correlation functions computed from MD simulations running up to 77 ns for selected residues of the active site in (black) apo-and (maroon) holo-Tb6PGL (see text for details). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
Internal Dynamics of 6-Phosphogluconolactonase cies in the complex without, however, any significant change of motion restriction (DS 2 5 0.01 in MD). This is interesting, as R200 is located near the N-terminal end of helix a4 and both seem to share these dynamical features (see above).
In this context, it should be noted that the phosphate ions of the buffer could compete with the phosphate group of 6PGA. However, the X-ray structures were obtained in the presence of 0.1 M ammonium phosphate, and no phosphate was found to bind any residue in the binding pocket. Although a competition between buffer phosphate ions and the phosphate group of 6PGA cannot be ruled out, this should not alter our qualitative conclusions, which are essentially based on a comparison between apo-and holo-forms of the protein.
Neither NMR nor MD of the catalytic residue H165 and residue D163, which is believed to activate the former, 5,11 ( Fig. 6 ) revealed any significant alterations of the backbone amide group dynamics between the apoand holo-forms, whereas both MF and SDM indicate a significant increase of slow motions of D163 in holoTb6PGL (vide supra). However, H165 side-chain motions can be monitored by comparing the scalar product of the vector r(t) parallel to the CbÀ ÀCg bond with its initial value r(t 5 0) (Fig. S3 in Supporting Information). Clearly, ligand binding significantly reduces the extent of H165 side-chain motions without affecting the backbone.
Residue S168, which is conserved in all proteins of the 6PGL family, 11 points toward the phosphate group of the ligand and is thought to contribute to its stabilization. 7,11 A moderate S 2 decrease in MD simulations (DS 2 5 20.1) and MF analysis (DS 2 5 20.16) show that mobility increases on binding to 6PGA. No significant change of J red (0) was observed, although J red apo (0) and J red holo (0) were well above the average, in agreement with the R ex contributions in apo-and holo-proteins.
Besides residues in the binding site, dynamical changes on ligand binding occur across the protein backbone, as was already noticed from relaxation measurements. In this regard, significant effects appear to involve a4 and a3 helices. Moreover, the rigidity of residues M78-D85 in loop L1 that flank the active site is increased, as attested by MD order parameters and RMSF, as well as by experimental order parameters (DS 2 5 0.08 for A81, DS 2 5 0.06 for D85). These effects are negligible for most other residues in L1. Such observations may be related to the presence of hydrogen bonds between R77 and N87. 5 In summary, the combination of several complementary methods for analyzing NMR relaxation data turned out to be beneficial. SDM could provide useful information when a MF analysis was not conclusive, and apparent contradictions could be explained. These results were supported by MD simulations (in particular for residues H165, D163, S168 in the active site, and others in helix a4 and loop L5). When no definite conclusions could be drawn from NMR relaxation, MD could provide indications of dynamical changes (R200). However, several discrepancies persisted between experiments and simulations. Nevertheless, even using rather conservative criteria for the significance of differences between holoand apo-forms of the protein, some of the discrepancies could be explained (G44, G45, and K223).
Additional information regarding the effect of ligand binding on the overall dynamic properties of the protein was obtained by an Essential Dynamics (ED) analysis of the MD trajectories of both proteins. 46-50 This approach allows one to investigate the presence of collective atomic fluctuations in the protein, through diagonalization of the covariance matrix (of C a atoms in our case) and the determination of the eigen-directions of collective motions.
The distribution of eigenvalues are rather similar in apo-and holo-Tb6PGL, therefore indicating similar overall flexibilities in both proteins [see Fig. 7(a) ]. This is confirmed by very similar Lindemann's flexibility indices ($0.19). 51 Moreover, 90% of the total position fluctuations are contained in the first 72 modes in apo-and 80 modes in Tb6PGL suggesting the presence of limited but significant motional collectivity.
The first eigenvalue from holo-Tb6PGL was found to be significantly larger than the others in holo-Tb6PGL and also larger than its counterpart in the apo-form. ED eigenvalues represent atomic mean-square displacements. They indicate that motions involving the first eigenvector largely dominate over those encompassing the others in holo-Tb6PGL. They also suggest that these motions have larger amplitudes in holo-Tb6PGL than in the apo form.
Besides, the projections of the coordinate vectors corresponding to each snapshot of the MD trajectories onto the first two eigenvectors of apo-Tb6PGL show differences between atomic fluctuations occurring in both proteins. Thus, the rather limited overlap of these projections, shown in Figure 7 (b), indicates slight but significant differences in fluctuations between the proteins. Figure 7 (c) shows a pictorial representation of the projections of the first motional modes onto the structures of apo-and holo-Tb6PGL. Interestingly, in holo-Tb6PGL, the largest eigenvalue involves an overall motion of the a4 helix and of loop L5, which is of larger amplitude than in the apo-protein. Moreover, the projection on the first eigenvector of the holo-Tb6PGL coordinate vector has significantly larger atomic root-mean-square-deviations in a4 and L5 regions ($2.75 Å ) than in the entire structure ($1.62 Å ). This is clearly in agreement with the conclusions drawn from the experimental NMR relaxation measurements performed in this study.
Finally, a comparison of RMSFs of the first two modes on Ca atoms [ Fig. 7(d) ] shows that differences are mostly located in the regions S110-L134 and V184-V198, which, respectively, comprise residues of helix a4 and loop L5. The same observable suggests lower flexibility of loop L1 in holo-Tb6PGL. These findings again con-firm MD and NMR order parameter analyses presented above and strengthen the suggested pattern of dynamical changes dispersed over regions flanking the active site as well as remote ones. Although apparently significant contributions of the first two eigenmodes of apo-Tb6PGL for some residues in loops L3 and L6 in Figure 7 (d) suggest PCA analysis of apo-and holo-Tb6PGL trajectories. (a) PCA eigenvalues of apo-(black) and holo-(red) Tb6PGL; (b) projections of the coordinate vector of apo-(black) and holo-(red) onto the first two PC eigenmodes; (c) extreme deviations of the helix a4 and loop L5 along the first eigenmode for apo-(left) and holo-(right) Tb6PGL; (d) RMSF of the first two modes calculated for C a atoms in apo-(black) and holo-(red) proteins. the presence of higher flexibility, simulation data were not used in this case. Indeed, incomplete convergence of MD simulations of holo-Tb6PGL for these residues, as mentioned above, precludes further analysis and, a fortiori, a comparison with apo-Tb6PGL. These limitations are due to insufficient sampling of dynamical processes requiring simulation times longer than our 77 ns-long simulation. This leads to ill-averaged correlation functions, as illustrated above for a selection of other residues and also gives rise to large fluctuations of the estimates of the order parameters computed over several fractions (on the order of 10 ns) of the total MD simulation (not shown). Not surprisingly, the ED analysis of fragments of the trajectory also exhibited large variances of the contributions of the first eigenmodes in the L3 and L6 loop regions. However, these were associated with much smaller fluctuations of the first eigenmode in a4 and L5. It was therefore concluded that poor MD convergence in the former region did not significantly affect the contributions of the first ED eigenmode in the latter, hence did not affect the foregoing analysis.
The repartitioning of internal mobility on ligand binding is a remarkable aspect of 6PGL dynamics. That the alteration of internal motions may affect residues that are located either close to the binding site or remote from it has only been described in a small number of NMR studies involving protein backbone 12,14,52 or side-chain 53 relaxation experiments. On the other hand, a great deal of work has focused on the functional role of dynamics in enzyme-ligand interactions, and its relationship to structure and structural changes (e.g., allostery). 54 Structure-dynamics relationships investigated through simple network models suggest that the dynamics is to a large extent encoded in the geometry of the protein. [55] [56] [57] [58] In addition, intrinsic dynamics in the apo state of an enzyme can determine structural changes occurring on ligand binding. 59,60 In close connection, it has also been argued that motions that occur during catalysis may already be present in the free form and therefore represent an intrinsic functional property of the enzyme. 61 The present comparative study also sheds light on a somewhat different but related aspect of dynamics. Indeed, our experiments reveal small local variations of relaxation parameters between the apo-and holo-forms of the protein. But analysis of MD simulations [see Fig.  7(a) ] indicates that, in the holo-form in particular, most of these motions are contained in a single (first) mode. Therefore, it seems that it is in the holo-form that collective motions are more clearly present, which could be related to interactions with the ligand. Dynamic changes in Tb6PGL include a concerted increase in mobility in the a4 and L5 regions on binding of the reaction product. Together with an increased rigidity in loop L1 in the holo-form, which is likely related to the presence of hydrogen bonds, it seems that these changes might attest for both the release and binding of the reaction product.
CONCLUSIONS
We used NMR relaxation and MD simulations to study the alteration of internal dynamics of the protein upon binding to the reaction product. This provided information on the way internal molecular motions are redistributed when the protein accommodates the reaction product, that is, after the catalytic reaction has taken place (insight into the catalytic mechanism itself would require the use of a nonhydrolysable analogue of the substrate). Our observations indicate that the alterations of dynamics are not localized near the active site, but propagate to remote regions of the protein. The experimental facts gathered in this study, and their analysis, represent further compelling arguments in favor of a redistribution of internal protein mobility upon binding. Probing side-chain dynamics in Tb6PGL through 15 N and 13 C NMR spectroscopy, 62 as reported for other protein-ligand binding interactions, 63,64 would help to complement the picture.
